Objective. Nevirapine is metabolized by cytochrome P450 (CYP) 2B6 and CYP3A4. We characterized relationships between clinical parameters, human genetics, pharmacokinetics, and human immunodeficiency virus type 1 (HIV-1) drug resistance mutations in pregnant women following single-dose intrapartum nevirapine.
cover the nevirapine "tail" decreases selection for drug-resistant HIV [4] [5] [6] [7] [8] .
The median plasma half-life of single-dose nevirapine (200 mg) ranges from approximately 45 to 75 hours, with considerable interindividual variability [9] [10] [11] [12] . Nevirapine is metabolized primarily by cytochrome P450 (CYP) 2B6 and CYP3A4, with secondary metabolism by other CYPs [13] [14] [15] . Nevirapine may also be a weak substrate for the efflux transporter P-glycoprotein (encoded by ABCB1) [16] . Repeated dosing of nevirapine increases plasma clearance by inducing pregnane X receptor (encoded by NR1I2) and perhaps other nuclear receptors [17] , which upregulate drug metabolism and transport genes, including CYP2B6, CYP3A4, CYP3A5, and ABCB1 [18] .
Retrospective analyses using data from AIDS Clinical Trials Group (ACTG) A5097s first showed that CYP2B6 516G→T (rs3745274) predicts increased steady-state plasma exposure of efavirenz [19] , also a CYP2B6 substrate [20] . Subsequent studies associated higher steady-state plasma nevirapine exposure with CYP2B6 516G→T in HIV-infected patients in Europe [21] [22] [23] , Africa [24] , North America [25] , India [26] , and Southeast Asia [27, 28] . Following single-dose nevirapine, however, pharmacokinetic associations with CYP2B6 516G→T have not been apparent among nonpregnant, HIV-uninfected African Americans [12] nor among pregnant, HIV-infected women in Thailand [29] .
A less frequent CYP2B6 polymorphism, 983T→C (rs28399499), also predicts steady-state increased plasma efavirenz exposure [22, 30, 31] . Data regarding 983T→C and nevirapine are lacking. Recently, a third CYP2B6 polymorphism, 15582C→T (rs4803419), has been shown to be associated with steady-state pharmacokinetics of both nevirapine and efavirenz [32, 33] . Both CYP2B6 516G→T and 15582C→T are much more frequent than 983T→C. In addition, CYP2B6 983T→C has been reported almost exclusively with African ancestry, CYP2B6 516G→T is generally more frequent with African ancestry than with European or Asian ancestry, and 15582C→T is generally more frequent with Asian or European ancestry than with African ancestry [34] .
The present study characterizes clinical and genetic determinants of interindividual variability in plasma nevirapine exposure following a single intrapartum dose among pregnant women who were randomly assigned to receive lamivudine/ zidovudine, emtricitabine/tenofovir, or lopinavir/ritonavir for 7 or 21 days. Genetic analyses focus primarily on CYP2B6 516G→T, 983T→C, 15582C→T, and rs7251950 and explore additional polymorphisms in ABCB1, CYP2B6, CYP2C19, CYP3A4, CYP3A5, and NR1I2. We hypothesized that drug metabolism and/or transport gene variants would be associated with prolonged plasma nevirapine exposure and, consequently, with increased likelihood of the emergence of nevirapineresistant HIV-1.
METHODS

Study Participants
ACTG A5207 evaluated strategies to prevent emergent nevirapine resistance following intrapartum single-dose nevirapine. Women were enrolled in 8 sites in Haiti, India, Malawi, South Africa, Tanzania, and Uganda. At onset of labor, women received single-dose nevirapine (200 mg) and were randomized to receive either 7-or 21-day courses of lamivudine/zidovudine (150 mg/300 mg) twice daily, emtricitabine/tenofovir (200 mg/ 300 mg) once daily, or lopinavir/ritonavir (400 mg/100 mg) twice daily. The first dose of the latter antiretrovirals was administered together with the single dose of nevirapine. Women enrolled in Africa or Haiti are hereafter referred to as being of African ancestry. This study complied with the Helsinki Declaration and was approved by institutional review boards for each site, and women gave written informed consent.
Nevirapine Assays
Plasma specimens for the nevirapine assay were obtained on postpartum day 1 and on weeks 1, 3, and 5. Whole blood was collected into ethylenediaminetetraacetic acid tubes and centrifuged at 800 × g for 10 minutes, and the supernatant plasma was transferred to a fresh tube and centrifuged again for 10 minutes. Plasma was maintained at −70°C and shipped on dry ice until assayed. Nevirapine was quantified using a validated high-performance liquid chromatography (HPLC) method. Following liquid-liquid extraction (LLE) in 25:75 (by volume) methylene chloride (MeCl):tert-butyl methyl ether (tBME), 200-μL samples were separated via reversed-phase liquid chromatography on a Microsorb MV C8 analytical column under isocratic conditions (70% 50 mM KH2PO4, pH 3.0; 30% acetonitrile), with a 10-minute run time. UV detection at 284 nm provided adequate sensitivity with minimal interference from endogenous matrix components. The assay was validated from 50-10 000 ng/mL. Intraday and interday precision and accuracy are within 15% of nominal values. Approximately 18% of samples were analyzed using a separate HPLC method in a different laboratory. In this method, analyte was extracted from a 250-µL sample using a bonded silica solid-phase extraction column and analyzed chromatographically on a reversedphase, 150 × 4.6 mm (length × internal diameter), 5-µm particle, Supelco LC-8 analytical column. Separation was achieved with an isocratic mobile phase of 63% phosphate buffer (0.025 M, pH 6.0) with 1-butanesulfonic acid as anion-pair reagent (21.5% methanol:15.5% acetonitrile). The ion-pair reagent was used to separate nevirapine from endogenous plasma components. Peaks were detected at a flow rate of 1.0 mL/minute at a wavelength of 280 nm, with an 8-minute run time. The assay is linear from 25-10 000 ng/mL. Specimens with results below the limit of assay quantification (either 50 or 25 ng/mL) were secondarily assayed by a validated liquid chromatography with tandem mass spectrometry (LC/MS/MS) method. After addition of internal standard (BIRH-414), a LLE procedure by means of 25:75 (by volume) MeCl:tBME was used for analyte extraction. Reversed-phase chromatographic separation was performed on a Waters Atlantis dC18 (2.1 × 100 mm, 3 μm particle size) analytical column under isocratic conditions. A binary mobile phase comprising 0.1% formic acid in water and methanol (45:55) provided adequate separation. Detection and quantitation were achieved by multiple reactions monitoring, and nevirapine and the internal standard were detected using the following transitions for protonated molecular products 
Pharmacokinetic Parameters
To estimate nevirapine elimination constants (assumed to be linear on the log 10 scale) for each woman, we used nevirapine concentration data from day 1, week 1, and week 3. Nevirapine concentrations below the lower limit of quantification were imputed to one-half of the limit of quantification threshold. Nevirapine elimination constants (ie, slopes of nevirapine decay) were estimated by linear mixed-effects models. Estimates were obtained separately for each race/ethnicity group. Nevirapine elimination constants based on linear mixed-effects models were used for genetic association analyses.
For week 5 nevirapine below the limit of quantification status, data from each of the 301 women were dichotomized as being either above or below limit of quantification. Lower limit of quantification specific to the LC/MS/MS method was used to determine whether the concentration was above or below the limit of quantification. Based on the individual-specific random slopes estimated from a linear mixed-effects model, we estimated, for each woman, the time when the concentration reached 46 ng/mL (nevirapine protein-adjusted IC 50 [35] ). This derived pharmacokinetic parameter, time to reach the IC 50 , was used as an additional dependent variable in association analyses.
Viral Resistance Testing by Allele-Specific Polymerase Chain Reaction (PCR)
In A5207, the presence of nevirapine-resistant virus in plasma at baseline and 6 weeks after completing study treatment was assessed using a highly sensitive allele-specific PCR assay, using methods previously described [36] . Plasma samples with an HIV-1 RNA load of ≥5000 copies/mL were tested for the following nevirapine resistance mutations: K103N (either ATT or AAC, allele-specific PCR detection limit 0.1%) and Y181C (allele-specific PCR detection limit 0.3%).
Characterization of Human Genetic Variants
Whole blood was stored at −80°C until DNA was extracted using Autopure systems (Minneapolis, MN). A total of 214 polymorphisms (68 in ABCB1, 55 in CYP2B6, 1 in CYP2C19, 38 in CYP3A4, 1 in CYP3A5, and 51 in NR1I2) were successfully assayed in the Vanderbilt DNA Resources Core, using MassARRAY iPLEX Gold (Sequenom). Our strategy for genotyping was as follows. For CYP2B6, CYP3A4, ABCB1, and NR1I2, we tagged each entire gene by use of SeattleSNPs [37] , using a cosmopolitan strategy across populations (Yoruba, Asian, African American, European American, and Hispanic) with a 5% allelic frequency cutoff, a 0.80 threshold for r 2 , 85% data convergence for tagging polymorphisms, and 70% data convergence for clustering. For CYP2B6, we included 5 kB in each 5′ and 3′ untranslated region (UTR), and for ABCB1 and NR1I2, we included 20 kB in each UTR. The arbitrary inclusion of 5 kB versus 20 kB reflects that these assays were designed at different times. For CYP2B6, additional polymorphisms that were of interest (but were not extremely infrequent, based on a <1% minor allele frequency) were added on the basis of a previous report [38] , as were polymorphisms with an allelic frequency of at least 5% in 20 kB of the 5′ UTR identified using Ensembl Genome Browser [39] and upstream polymorphisms possibly associated with CYP2B6 expression [40] . The CYP2B6 assay included 2 polymorphisms in nearby CYP2A6 (rs28399454 and rs28399433). We also included ABCB1 3435C→T (rs1045642) and 2677G/T/A (rs2032582) and CYP3A5 6986A→G (rs776746). The final Sequenom assay design is available on request. Genotypes were confirmed by visual inspection of plots. Laboratory personnel with no knowledge of clinical data performed genotyping. Ample duplicate and blank assays were included to ensure validity.
Statistical Methods
Quantitative analysis of genotype associations with derived pharmacokinetic parameters was conducted using R, version 2.10.1, and PLINK, version 1.07 (available at: http://pngu.mgh. harvard.edu/~purcell/plink/). Associations with single polymorphisms were based on parametric regression (linear or logistic) models, using nevirapine elimination constant, week 5 nevirapine below limit of quantification status, or time to reach protein-adjusted IC 50 as the dependent variable and genotypes (coded as 0, 1, and 2 for the number of minor alleles), body mass index (BMI; defined as the weight in kilograms divided by the height in meters squared), and treatment arm (lopinavir/ ritonavir vs nucleoside reverse-transcriptase inhibitors [NRTIs]) as independent variables. We grouped by lopinavir/ritonavir versus NRTIs because of known interactions between lopinavir/ritonavir and CYP3A4. P values from linear or logistic regression models were based on the Wald test. All analyses were conducted within each race/ethnicity group and were adjusted for BMI and treatment arm (except for analyses within treatment arm, which were only adjusted for BMI). Relationships between development of HIV-1 nevirapine resistance mutations and BMI, treatment arm, pharmacokinetic parameters, and host genotypes were assessed by the Fisher exact test (for discrete covariates) or the Wilcoxon rank sum test (for continuous covariates). For clinical variables and for genetic variants of primary interest, P values of < .05 were deemed statistically significant. For exploratory genetics associations, Bonferroni thresholds were calculated by dividing the nominal significance threshold by the number of polymorphisms tested.
RESULTS
Participant Characteristics
In ACTG A5207, a total of 422 women received single-dose nevirapine at the time of active labor onset, of whom 416 had at least 1 subsequent nevirapine plasma concentration determination. Of these 416 women, 315 had evaluable human genotype data based on 214 polymorphisms. The primary reason for lack of evaluable genotype data was declined consent for this optional genetic analysis, much of which reflected 1 site that, because of miscommunication, did not receive consent from any participants for genetic analysis. Nevirapine plasma concentration data were available at multiple time points (836 total specimens) from 301 of these 315 women, including 217 (72%) of African ancestry and 84 (28%) who were Indian. All analyses hereafter are based on these 301 women unless otherwise stated. Baseline characteristics of study participants, stratified by lopinavir/ritonavir randomization, are presented in Table 1 . These 301 women did not differ significantly from the other 121 women with regard to baseline age, CD4 + T-cell count, and plasma HIV-1 RNA level.
Clinical Associations With Nevirapine Pharmacokinetics
Nevirapine concentrations were obtained from women on postpartum day 1 and on weeks 1, 3, and 5. Scatter plots of measured plasma nevirapine concentrations over time are shown separately for African ancestry and Indian groups in Figure 1 . Relationships between BMI, lopinavir/ritonavir status, and pharmacokinetic parameters are presented in Table 2 . In both African ancestry and Indian groups, greater baseline BMI was associated with greater elimination constants and longer time to reach IC 50 . Relationships between BMI and time to IC 50 are shown in Figure 1 . There was also a modest association between randomization to a lopinavir/ritonavir-containing regimen (as compared to NRTI-containing regimens) and faster elimination, but not time to reach IC 50 .
Genetic Variants
A total of 214 genetic variants were successfully assayed. Of the 301 evaluable women, the average genotyping success was 99.7%, with a value of ≥95.8% for each women. Of the 214 polymorphisms, average genotyping success was 99.7%, with a value of ≥97.0% for each polymorphism. Among the 214 polymorphisms assayed, 18 and 61 had minor allele frequencies <0.01 in the African ancestry and Indian groups, respectively, and were excluded from analyses within each population. All polymorphisms passed Hardy-Weinberg equilibrium testing within each population, based on an adjusted P value threshold of ≥ .001, consistent with random assortment of alleles.
Genetic Associations With Nevirapine Pharmacokinetic Parameters
Associations between CYP2B6 polymorphisms of primary interest (516G→T, 983T→C, 15582C→T, and rs7251950) and nevirapine pharmacokinetic parameters are shown in Table 3 . CYP2B6 983T→C was associated with longer time for plasma concentrations to fall to the protein-adjusted IC 50 in women with African ancestry (P = .004). This corresponds to, on average, increases in time to reach protein adjusted IC 50 by 47 hours with each additional CYP2B6 983 C allele (Figure 2) . Results for CYP2B6 983 should be interpreted with caution because only 1 woman was homozygous for CYP2B6 983 CC. Abbreviations: BLQ, below lower limit of quantification; IC 50 , protein-adjusted 50% inhibitory concentration; kel, nevirapine elimination rate constant.
The estimated mean difference represents the average difference in elimination constant (or time to IC 50 ) in the non-LPV/r arm with respect to the LPV/r arm, and per 5-unit increase in BMI for the treatment arm and BMI effects, respectively. The odds ratio represents decreased odds of observing BLQ in the non-LPV arm with respect to the LPV/r arm, and per 5-unit increase in BMI for the treatment arm and BMI effects, respectively. In Indians, CYP2B6 516G→T was associated with slower nevirapine elimination (P = .039). Among all 214 polymorphisms, association results with nevirapine pharmacokinetics and minor allele frequencies for the 10 with the lowest P values (based on association with time to reach protein-adjusted IC 50 ) are provided for African descent and Indian groups separately in Table 4 . Association results and minor allele frequencies for all polymorphisms with minor allele frequencies of >0.01 in each population are provided in the Supplementary Materials. Among all polymorphisms (196 and 153 polymorphisms in African ancestry and Indian groups, respectively), 22 were associated with nevirapine clearance at P < .05 (12 and 10, respectively), 16 were associated with time to reach protein-adjusted IC 50 at P < .05 (10 and 6, respectively), and 16 were associated with week 5 below limit of quantification status (7 and 9, respectively). No polymorphism was consistently associated with nevirapine pharmacokinetics in both populations. Polymorphisms with a P value of < .05 were found in ABCB1, CYP2B6 (not including the above target polymorphisms), CYP2C19, CYP3A4, and NR1I2. No polymorphism in any analysis was significant after multiple testing adjustments based on the Bonferroni threshold.
Associations With Emergent HIV-1 Nevirapine Resistance Mutations
In A5207, among 140 women evaluable by allele-specific PCR at both baseline and 6 weeks (after study treatment) and with no baseline nevirapine mutations detected, 16 (11%) had emergent nevirapine resistance mutations documented 6 weeks after study treatment. Of these 140 women, 104 were represented in the present pharmacogenetic data set. Among 76 women of African ancestry, 8 with emergent resistance mutations had a median time to nevirapine IC 50 of 412 hours (interquartile range, 303-466 hours), while in 68 without emergent resistance mutations, the value was 320 hours (interquartile range, 288-366 hours). Among 28 Indian women, 2 with emergent resistance mutations had a median time to nevirapine IC 50 of 388 hours, while in 26 without emergent resistance mutations, the value was 296 hours. No significant associations were detected between emergent resistance mutations and either BMI, lopinavir/ritonavir arm, nevirapine elimination constant, or week 5 below the limit of quantification status. No significant associations were detected with CYP2B6 983T→C in women of African ancestry (P = .33) or with CYP2B6 516G→T in women of African ancestry (P = .79) or Indians (P = .99). 
DISCUSSION
Nevirapine, a cornerstone of efforts to prevent mother-to-child transmission of HIV, is metabolized primarily by CYP2B6, with secondary metabolism by CYP3A4 and other CYPs [13] [14] [15] . Previous studies have shown strong and independent associations between 3 CYP2B6 polymorphisms (CYP2B6 516G→T, 983T→C, and 15582C→T) and increased steadystate plasma nevirapine and/or efavirenz concentrations [19, [21] [22] [23] [24] [25] [26] [27] [28] [30] [31] [32] [33] . A provocative finding from the present study is that, among women of African ancestry who received a single 200-mg dose of nevirapine at the onset of labor, CYP2B6 983T→C was significantly associated with a longer time to reach the protein-adjusted nevirapine IC 50 , while CYP2B6 516G→T and 15582C→T were not. There was an 11% (36-hour) increase in time to IC 50 in heterozygous subjects, while on the basis of the additive model, time to IC 50 increased by 47 hours (on average) for each additional CYP2B6 983 C allele, adjusting for BMI and treatment. Among Indian women CYP2B6 516G→T was significantly associated with slower nevirapine elimination and tended to be associated with time to reach the protein-adjusted nevirapine IC 50 , while there was no apparent association with 15582C→T. The CYP2B6 983T→C variant was absent in Indians.
The finding of little or no association between CYP2B6 516G→T and plasma exposure following single-dose nevirapine with African ancestry is consistent with 2 previous reports, one involving 34 nonpregnant, HIV-uninfected African Americans [12] and the other involving 330 pregnant, HIV-infected women in Thailand [29] . We cannot, however, explain the apparent association between CYP2B6 516G→T and plasma exposure among Indian women in the present study.
With regard to the discrepant associations between CYP2B6 516G→T and nevirapine pharmacokinetics under single-dose versus steady-state conditions, it has been speculated that autoinduction may play a role. Autoinduction of CYP2B6 and CYP3A4 requires repeated dosing with nevirapine [29] . Under basal conditions (ie, following a single dose), the difference in levels of hepatic CYP2B6 between 516GG and 516TT homozygotes may be relatively modest. Following autoinduction (ie, at steady state), hepatic CYP2B6 activity may increase considerably more in 516GG homozygotes than in 516TT homozygotes, thus making the differential genetic effect on pharmacokinetics more apparent.
The association between CYP2B6 983T→C and single-dose nevirapine pharmacokinetics despite little or no association with CYP2B6 516G→T suggests a fundamental difference between these polymorphisms. It may be that 983T→C reduces hepatic CYP2B6 expression and/or activity to a much greater extent than does 516G→T, such that its effect is apparent even following a single dose of nevirapine. This is supported by recent evidence that CYP2B6 983T→C has a greater effect on steady-state plasma efavirenz concentrations than does CYP2B6 516G→T [33] . Alternatively, CYP2B6 516G→T may largely affect enzyme inducibility, whereas CYP2B6 983T→C may largely affect enzymatic activity. The lack of association between 15582C→T and single-dose nevirapine pharmacokinetics may reflect this polymorphism's relatively modest effect on CYP2B6 expression and/or activity. The effect of 15582C→T on steady-state plasma efavirenz concentrations was approximately one-half that of CYP2B6 516G→T [33] .
In exploratory analysis of 210 additional polymorphisms, associations beyond CYP2B6 516G→T and 983T→C at a P value of < .05 are likely spurious, as none were significant after adjustment for multiple testing, none were consistent across populations, and the polymorphisms were present in almost every gene studied.
There are several implications of these findings. In general, the human genetic variants studied here do not profoundly affect plasma exposure following single-dose nevirapine. For example, although a strong association with the CYP2B6 983 was observed, this polymorphism is rare; in the HapMap Yoruban population, CC genotype is observed in <2% of individuals and is absent from white and Asian populations. Similarly, the effect of BMI was modest. In a multivariable model including the effect of CYP2B6 983T→C and BMI, a 5-unit increase in BMI was associated with, on average, a 22-hour increase in time to IC 50 . A uniform 200-mg dose of nevirapine is therefore appropriate without the need to individualize the dose on the basis of host genotype or BMI. Women who are heterozygous for CYP2B6 983 T/C or homozygous for CYP2B6 516 T/T may perhaps have a somewhat longer plasma nevirapine exposure, but it is not long enough to warrant regimen modification. We expect that homozygosity for CYP2B6 983 C/ C, which, fortunately, is infrequent, will more greatly prolong nevirapine exposure following single-dose nevirapine, but data are limited.
The present study had limitations. Because concomitant antiretroviral were prescribed to cover the nevirapine "tail," we are pleased that very few women experienced emergent nevirapine resistance mutations. This, however, limited our power to detect associations between viral resistance, pharmacokinetic parameters, and genetic variants. We only studied women of African ancestry and Indians, and results may differ in other populations. A candidate gene approach was used on the basis of a priori knowledge. More extensive, high-throughput genotyping might identify novel associations. Mother-to-child transmission of HIV-1 is most effectively prevented by initiating combination antiretroviral therapy (cART) as early as week 14 of gestation and continuing cART until cessation of breast-feeding [41, 42] . This approach is not always feasible, particularly in resource-limited countries. On the basis of available data, the 2010 World Health Organization consensus guidelines for preventing mother-to-child transmission recommend 2 options: (1) administration of cART as described above or (2) administration of twice-daily zidovudine during pregnancy; single-dose nevirapine, zidovudine, and lamivudine during labor and delivery; and twice-daily zidovudine and lamivudine for 7 days postpartum [43] .
In summary, among women who received a single 200-mg dose of nevirapine at the onset of labor, CYP2B6 983T→C may more greatly affect nevirapine exposure than CYP2B6 516G→T. These data suggest that single-dose nevirapine regimens do not require individual dose adjustment on the basis of host genotype.
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